This paper proposes an approach to estimate groundwater recharge using an optimization-based water-table fluctuation method combined with a groundwater balance model in an arid hardrockalluvium region, located at the Oman-United Arab Emirates border. We introduce an "effective hardrock thickness" term to identify the percentage of the considered hardrock thickness in which effective groundwater flow takes place. The proposed method is based upon a Thiessen polygon zoning approach. The method includes subpolygons to represent specific geologic units and to enhance the confidence of the estimated groundwater recharge. Two linear and 1 nonlin-
, respectively, while the effective groundwater flow circulation is found to occur in the upper 7% of the known hardrock thickness (42 m), confirming conclusions of previous field studies. Considering a total difference in groundwater levels between eastern and western points of the study area of the order of 220 m and a 12-year monthly calibration period, a weighted root mean squared error in predicted groundwater elevation of 2.75 m is considered quite reasonable for the study area characterized by remarkable geological and hydrogeological diversity. The proposed approach provides an efficient and robust method to estimate groundwater recharge in regions with a complex geological setting in which interaction between fractured and porous media cannot be easily assessed. (Davison, 1982; Kaczmarek, 1988; Kaczmarek, Brook, Haig, Read, & George, 1993a, b, c; Turner, Forbes, & Rapp, 1986) .
Estimating recharge in these groundwater basins remains a major challenge. However, a wide variety of methods have been presented in the literature to estimate groundwater recharge in arid and semi-arid areas, such as water-table fluctuation (WTF), cumulative rainfall departure, rainfall infiltration breakthrough, environmental tracer techniques (e.g., chloride mass balance), and numerical modelling approaches (Ahmadi et al., 2015; Joodavi, Zare, Raeisi, & Ahmadi, 2016; Kinzelbach et al., 2002; Risser, Gburek, & Folmar, 2009; Scanlon, Healy, & Cook, 2002) . With respect to groundwater recharge in fractured hardrock aquifers, specific studies include those of Rehm, Moran, and Groenewold (1982) , Xu and Beekman (2003) , Nyagwambo (2006) , Maréchal, Dewandel, Ahmed, Galeazzi, and Zaidi (2006) , Dewandel et al. (2010) , and Mondal, Singh, and Sankaran (2011) using WTF approach; Selaolo, Beekman, Gieske, and De Vries (1996) and Paralta and Oliveira (2005) , using environmental tracers; and Paralta and Oliveira (2005) and Massuel, George, Gaur, and Nune (2007) , using numerical modelling.
Regarding environmental tracer techniques, Sophocleous (2004) pointed out that a number of problems could lead to overestimation or underestimation of recharge. These include secondary (unknown) tracer inputs, mixing effects, and dual (fracture-matrix) flow mechanisms. Such problems arise if the sources, sinks, and pathways of the tracers are not fully understood. Those portions of recharge going through preferred pathways (such as root channels or fractures) may invalidate the broader results of a tracer study.
Although numerical modelling has been widely used to estimate groundwater recharge, these approaches require reliable and extensive characterization data, such as hydrodynamic (e.g., hydraulic conductivity and specific yield) and physical (e.g., bedrock elevation and boundary) aquifer properties and the spatiotemporal distribution of pumping and other abstractions (Hsu et al., 2012; Izady et al., 2015; Sanford, 2002; Scanlon et al., 2002) .
As discussed by Healy and Cook (2002) , the WTF method was applied for groundwater recharge estimation as early as the 1920s (Meinzer, 1923; Meinzer & Stearns, 1929) . This method is based on the premise that rises in groundwater levels in unconfined aquifers are strictly due to (vertical) recharge arriving at the water-table. Healy and Cook (2002) concluded that application of the WTF method to fractured hardrock terrains offers some special challenges.
Fractures usually serve as primary conduits for water movement, both laterally and vertically, but they account for a small percentage of the total storage available in the aquifer. However, the groundwater level measured in an observation well is representative of an area of at least several tens of square meters. Therefore, the WTF method can be viewed more as an integrated approach and less as a point measurement than methods based on strictly local data in the unsaturated zone. Maréchal et al. (2006) combined a WTF technique and a groundwater balance method in an overexploited hardrock aquifer in India to overcome the main limitation of the classical WTF technique, that is, finding the specific yield. Mondal et al. (2011) pointed out that cross-correlation is a potential exploratory tool for demarcating possible groundwater recharge zones using WTF due to rainfall in hardrock areas.
The objective of this research is to estimate groundwater recharge in the arid hardrock-alluvium region of Al-Buraimi along the Oman-UAE border using an optimization-based WTF method combined with a groundwater balance technique. According to spatial variation of processes within the basin which is lumped or distributed, conventional modelling approaches may be considered either as FIGURE 1 Location of the study area in the Al-Buraimi region, Oman-UAE border along with geological map, meteorological stations, wadi network, hydrometric station and Soil Water Assessment Tool (SWAT) delineated subbasin "lumped" or "distributed" in terms of their data and parameter requirements and spatial resolution. The proposed methodology in this study is neither lumped, which leads to less accuracy, nor distributed that requires huge amount of detailed data with numerical problems in solution. Moreover, the study area is composed of unevenly scattered hardrock terrains and outcrops over the whole area and therefore estimating groundwater recharge is a major challenge in this complex hardrock-alluvium geological setting in which interaction between fractured and porous media cannot be easily assessed.
| MATERIAL AND METHODS

| Study area
The study area shown in Figure 1 is the Al-Buraimi region in the northwest portion of Oman, which is bounded to the east by the NOMs and to the west by the border with the UAE. It is approximately 1,604 km 2 in area and lies between 24°2′ N to 24°38′ N latitude and 55°44′ E to 56°14′ E longitude. The area has an arid to semi-arid climate with low humidity and long periods of little to no rainfall. Average annual rainfall ranges from 30 to 178 mm, with an average of 82 mm. The long-term annual potential evapotranspiration (ETp) is about 2,700 mm (Kaczmarek et al., 1993b; MRMWR, 2004; Turner et al., 1986) .
| Hydrogeological characteristics
The geologic units of the study area are divided into three principal zones that include the Semail Nappes (Ophiolite), the Hawasina Nappes, and the post-nappe strata units (Aruma group and Tertiary bedrock and Quaternary Alluvium; Figure 1 ). The term "ophiolite" refers collectively to igneous rock that crops out in the study area with various dark, coloured, crystalline, and microcrystalline characteristics.
The Hawasina Nappe exposures mainly occur as broken hills in the eastern piedmont zone. The post-nappe strata consist of the Cretaceous Aruma Group and Tertiary bedrock that were deposited in a foredeep basin downfolded along the frontal margin of the nappes.
Folding associated with mountain building in the Late Tertiary turned over the nappes and Tertiary strata into their present structural configurations. Afterwards, erosive processes associated with flowing water led to the deposition of alluvium (collectively sand, gravel, silt, and clay) throughout the piedmont and alluvial fan zones to the west of the mountains. For more details about different zones in the model, please refer to the electronic supplementary material (ESM).
FIGURE 2 Groundwater level contour lines in the Al-Buraimi region showing the groundwater flow direction from east to west with zoning and subzoning the study area using Thiessen polygons and geologic units, respectively. GWR is groundwater recharge through the fractures and beds of surface water courses from rainfall in the hardrock aquifer (North Oman Mountains); Q bf is lateral groundwater inflow flux from the east originating in the hardrock aquifer; Q R is sum of precipitation-based groundwater recharge through the vadose zone, fractures, and beds of surface water courses; Q RF is groundwater recharge from return flow; Q AA is artificial abstraction from agricultural and domestic wells; Q NA is natural abstraction via evapotranspiration from water-table; Q tf is lateral groundwater outflow flux crossing out of a western boundary polygon across the Oman-UAE border; and Q InOut is subsurface exchange flux between polygons i and j within the alluvial aquifer domain
In terms of regional hydrogeological significance, surface waters running off the mountainous portion of the study area recharge the piedmont and alluvial fan zones. Groundwater recharged into the fractures of the ophiolite during rainfall and run-off events gradually drains laterally and vertically downhill through the fractures toward the plains of the lower basin. Groundwater flow from the ophiolite is generally to the west and it is intercepted by aflaj and a few wells at the mountain front and continues to the alluvial aquifers underlying the upper basin ( Figure 2 ). Compared to other geological units, the hydrologic properties of the Hawasina Nappes and Tertiary limestones are poor in terms of groundwater storage and transmission. However, they may provide significant groundwater supply through fractures. The alluvium in the piedmont and mountain front fan zones is the most important aquifer in the study area and is composed of an unconsolidated mixture of chert, limestone, and dolomite. The alluvium generally has good hydraulic conductivity (8 to 43 m/day) and water yields (0.1 to 31 L/ s), which vary only with the coarseness of the alluvium and overall saturation thickness (Davison, 1982; Kaczmarek, 1988; Kaczmarek et al., 1993a, b, c; MRMWR, 2004; Onanda, Price, Jolley, Stuck, & Hall, 2013; Turner et al., 1986 ).
| Groundwater conceptual model
The groundwater conceptual model for the study area was developed using a proposed framework by Izady et al. (2014) LLC, 2015) . Virtual boreholes were used as supporting points to increase precision of the generated stratigraphy in places where the geologic unit is vertically uniform (e.g., point V69 in Figure 4 ). The locations of these boreholes were determined by discussion with local experts and consultants in the study area. The total thickness of this model varies from 300 to 700 m in the different parts of the study area, with the alluvial portions ranging between 27 and 77 m in thickness (for more details, refer to the ESM).
The eastern boundary of the study area, in the highlands of the (Davison, 1982; Kaczmarek, 1988; Kaczmarek et al., 1993a, b, c; MRMWR, 2004; Onanda et al., 2013; Turner et al., 1986) . 
| Theory of the adopted optimization-based WTF method
The proposed approach couples a WTF technique with a basic groundwater balance model. The groundwater balance for the modelling domain ( Figure 2 ).can be described by The methodology adopted to determine the unknown subsurface storage in Equation 1 is the WTF method, which connects the change in subsurface storage with resulting water table fluctuations (Dewandel et al., 2010; Maréchal et al., 2006; Xu & Van Tonder, 2001) as ].
To better apply this concept to the study area of Figure 2 , the area is first discretized into a set of Thiessen polygons built around all available observation wells ( Figure 2 ) and then further zoned into a series of subpolygons based on their geologic properties and over which spatially variable recharge rates may be applied. In this sense, Equation 1 can be rewritten for each polygon i as 
The V68-EW-04, east-west cross section (m asl is metres above sea level; see Figure S1 in electronic supplementary material for the location)
where S y i and a i are the specific yield and area of polygon i, respectively, and Δh i is the change in water- 
The Thiessen polygons can be further zoned into a series of subareas based on their geologic properties and over which spatially variable recharge or extraction rates may be applied. Equation 5 can then be rearranged as
where the head differences are assumed to occur over discrete 1-month (=Δt) time intervals denoted by the monthly index t. In this expression:
is the water-table elevation (L) in area element (polygon) i at monthly interval t, a i is the area of polygon i, and S y i is a volume-weighted average specific yield that takes into account variations in the sub-areas within polygon i (see below).
More specifically, and j within the model domain over a monthly interval Δt (see below).
In these expressions, the index r refers to a specific geologic unit (r = 1: Hawasina, r = 2: ophiolite, r = 3: Tertiary, and r = 4: alluvium), while s refers to groundwater abstraction source (s = 1: agriculture, s = 2: domestic, and s = 3: falaj).
The idea of a "volume-weighted average" (Anderson, 1995; McGuire, Lund, & Densmore, 2012 The eastern ophiolite mountains are excluded from the WTF modelling domain and are considered as "specified flow boundary" condition, a type of Neumann condition, in which groundwater flows into P-18 and ZG-3 polygons laterally. Therefore, the lateral groundwater inflow, Q t bf;i , is specifically across these two polygons along the eastern boundary, as shown in Figure 2 . A modified Thornthwaite-Mather water balance method (Thornthwaite & Mather, 1957) proposed by Dripps and Bradbury (2007) ] over a monthly interval, Δt, in the eastern ophiolite mountains.
An optimization model has been developed with the objective of estimating groundwater levels, h t i , in each polygon from Equations 5-12 while minimizing their differences from measured values, as illustrated in Equation 13 . The values of the α, β, γ, δ, K, and S y parameters are calibrated for each polygon as a function of their geometric characteristics, geologic and surface properties, precipitation, and ETp inputs with the aim of minimizing the objective function:
subject to the constraints in Equations 5-12. In this expression, the indices i and t, respectively, denotes the observation well in each
Thiessen polygon and time step; N and T, respectively, are the total number of observation wells (polygons) and the length of the timeseries for each well (polygon); h t i and b h t i represent, respectively, the observed and simulated groundwater level in well i at month t; and f t is the sum of head deviations for all Thiessen polygons in month t.
Monthly parameter optimization was done to reflect the variable hydrologic conditions on the estimated groundwater recharge.
2.5 | Application of the proposed method and description of the required datasets To avoid a lengthy explanation and because of conducting separate computations to estimate Q bf , as lateral groundwater inflow from eastern ophiolite mountains into P-18 and ZG-3 polygons, all required data and calculations are provided in the ESM. Steps 2 to 4 are described in the following sections.
| Data preparation for the WTF domain Thiessen polygons
Data preparation was carried out for each Thiessen polygon within the WTF modelling domain and their individual geologic units with respect to the developed groundwater conceptual model (Figure 2) . Values of monthly rainfall and temperature were estimated by the inverse distance weighted method (Munch, 2004) for each polygon and its geologic unit using collected data from the available stations within and outside the study area (Figure 1) . The temperature values were used to compute ETp using the method of Hargreaves and Samani (1982) .
Note that ETp term was selected as surrogate of the natural groundwater abstraction due to its importance in arid areas (Abdalla, 2009; Christmann & Sonntag, 1987) . Volume-weighted average horizontal hydraulic conductivity and specific yield were computed based on developed 3D stratigraphic model in the groundwater conceptual model section, in which the volume of each geologic units was extracted from the stratigraphy. The centroid points of the Thiessen polygons were used to compute distances between neighbouring polygons (L i,j ) to estimate Q InOut and to compute the distance between the centroid points of boundary polygons and their associated boundaries along the UAE border (L B ) as a means to estimate Q tf . The required data for all these parameters were prepared for the period October 1996 to September 2013 using geographic information systems and then reformatted for use in the GAMS software.
| Developing code for the WTF domain in GAMS
The formulation of the Equation 6 as an integrated groundwater balance model and WTF methods with unknown hydrogeological parameters as a least square minimization problem will be highly nonlinear. To avoid nonconverging solution algorithms, a piece-wise optimization technique was adopted (Cai, McKinney, & Lasdon, 2001) . In 
| Evaluation of the proposed method
The prepared data were divided into two subsets for calibration over the period October 1996 to September 2008, and validation over the period October 2008 to September 2013. Two different performance criteria were used to evaluate the effectiveness of the proposed optimization-based WTF method. These consisted of RMSE and normalized RMSE (NRMSE) approaches. The NRMSE for whole plain was calculated as follows: 
| Parameter estimation for the WTF domain
As mentioned before, monthly parameter optimization was carried out for the period October 1996 to September 2008 due to considerable variability of the monthly hydrologic condition in the study area. Table 1 shows the optimal monthly values for the coefficients α, β, and γ. The term β, percentage of monthly ETp, was considered only for the alluvium, as natural groundwater abstraction from the hardrock is negligible. Also, return flow, γ, is only considered for agricultural wells and aflaj. It is observed from Table 1 that the average regional fraction a Q R and Q RF are respectively groundwater recharge from rainfall (through the vadose zone, fractures and beds of surface water courses) and return flow from artificial abstraction, Q bf is the subsurface inflow from the eastern ophiolite mountain, Q AA and Q NA are respectively artificial and natural abstraction, Q tf is the groundwater outflow toward UAE side. The long-term annual potential evapotranspiration is about 2700 mm for the study area.
of about 50 m below the topographic surface. At the regional scale, the hydraulic conductivity of the alluvium ranges from 10 to 32 m/day and not all are located close to one another, which suggests the absence of systematic error. Note that, observation wells B-9, B-7, and B-4 are located close to Oman-UAE border and groundwater flow direction is from east to west. Therefore, heavy groundwater abstraction at the UAE side near the border (Davison, 1982) might be postulated for getting these discrepancies.
The comparison between observed and computed groundwater levels are shown in Figure 9 for the observation wells P-18, S-5, and ZG-3 (results for all observation wells are available in the ESM). These observation wells are located at the piedmont alluvium zone between mountainous and alluvial fan zones. The piedmont alluvium zone at the Figure 10 . An NRMSE is 35% for the validation period that is acceptable regarding the complex hardrock-alluvium geological setting of the study area, the number of observation wells, the model resolution, and the accuracy of water-table data.
| Groundwater balance components
The proposed approach is based on a combination of the WTF and groundwater balance methods. The annual groundwater balance components were calculated from October 1996-September 1997
to October 2012-September 2013 water-years for the study area (Table 2 ). The long-term regional groundwater recharge from rainfall 
| Applicability and advantages of the proposed method
In general, assessing groundwater dynamics in diverse geological settings characterized by fractured rock and porous medium flows can be a challenging task. Estimating groundwater flows between fractured and porous regimes can be difficult, especially if the thickness of the contributing fractured rock is unknown. This process is further complicated in arid regions where the occurrence and flow of groundwater is more limited and transient than in temperate areas, and where efforts to acquire field data and hydrogeological information can be more complicated. However, the developed method in this study can estimate groundwater fluxes from fractured zone into the porous medium using a minimum of acquired data and hydrogeological information.
The challenge of the hardrock thickness is overcome by the introduction of the hardrock thickness fraction, δ. In general the method is cost-effective, time-efficient, and robust and can be applied in other arid areas with a similar setting. 4 | CONCLUDING REMARKS
The problem of estimating groundwater recharge in arid areas is that recharge volumes are normally small in comparison with both the physical and conceptual resolution of the investigation methods.
Determination of groundwater recharge in these areas is neither straightforward nor easy due to the spatial variability in soil characteristics, geology, topography, land cover characteristics, and land use. Moreover, these difficulties may be exacerbated by the temporal variability of precipitation and other hydrometeorological variables in such climates.
Regarding the spatial variation of processes within the basin for this problem, conventional modelling approaches may be considered either as "lumped" or "distributed" in terms of their data and parameter requirements and spatial resolution. "Lumped" models typically utilize averaged values over all or large portions of the modelling domain, simplifying the application, but decreasing its overall predictability and the accuracy of its results. "Distributed" models, on the other hand, are able to explicitly address spatial variation of input parameters and variables using cell-based discretization schemes (e.g., MODFLOW) but, in doing so, require extensive specification of properties and parameters at the cell scale that may not be reliably available. In addition, they may suffer from numerical considerations (e.g., diverging flows and drying cells)
in dry hardrock-alluvium domains.
The proposed methodology in this study is neither "lumped"
(which leads to decreased accuracy) nor "distributed" (requiring large amounts of detailed data with potential accompanying numerical problems) in nature. As a means to estimate groundwater recharge in an arid region characterized by a complex hardrock-alluvium geological setting, unevenly scattered hardrock formations and outcrops, and limited hydrogeologic data and observations, the study area is (a) partitioned into a number of polygons centred on existing observation wells and (b) subzoned as a function of geological units appearing within each polygon, yielding more of a "semi-distributed" set up.
Because the water level measured in an observation well is representative of an area of at least several hundred square metres, subdivision of the basin into subzoned polygons enables the proposed method to reflect differences for each geological unit at a reasonable scale of resolution. This provides for an improved level of accuracy and a much better physical description of the groundwater balance. In addition, because of its "semi-distributed" design, this approach offers increased computational efficiency when compared with its cell-based, "distributed" model counterparts. The method captures spatial heterogeneity and temporal storage in alluvium-hardrock aquifer systems by zoning and subzoning the study area as a function of the location and surrounding geology of observation wells in the model domain. With the aid of a stratigraphic model of the study area, we have estimated the hydrodynamic properties (hydraulic conductivity and specific yield) using a "volume-weighted average" technique and then calculated flow exchanges between different polygon zones. In this sense, this method supports modelling a complex fractured-porous media setting with a lower computational burden than would be required in a filly "distributed" model. We also introduced a parameter δ to quantify the percentage of the hardrock thickness effectively available for groundwater flow. This term can be estimated mathematically without need for field observations or expensive surface surveys which makes the method efficient and cost effective.
Three submodels were developed to implement the proposed combined WTF and groundwater balance model using the GAMS software. The submodels are well suited for efficient integration within computational optimization tools to yield a decision support system for water management applications. This approach produces a more efficient integrated product than would have been achieved if a more complicated "distributed" model were used in the process.
In general, the proposed approach outlined in this paper illustrates an efficient and robust method to estimate groundwater recharge in arid regions that have diversified geological settings. It is hoped that the lessons demonstrated here can help bring about solutions to improve the groundwater recharge estimation in arid areas in which it is neither straightforward nor easy and has crucial role in the sustainability of groundwater resources.
